Abstract Bone has a hierarchical structure extending from the micrometer to the nanometer scale. We report here the first analysis of non-human primate osteonal bone obtained using a spectrometer coupled to an AFM microscope (AFM-IR), with a resolution of 50-100 nm. Average spectra correspond to those observed with conventional FTIR spectroscopy. The following validated FTIR parameters were calculated based on intensities observed in scans covering *60 lm from the osteon center: mineral content (1030/1660 cm -1 ), crystallinity (1030/1020 cm -1 ), collagen maturity (1660/1690 cm -1 ), and acid phosphate content (1128/1096 cm -1 ). A repeating pattern was found in most of these calculated IR parameters corresponding to the reported inter-and intra-lamellar spacing in human bone, indicating that AFM-IR measurements will be able to provide novel compositional information on the variation in bone at the nanometer level.
Introduction
Bone chemical composition, bone morphology, and bone geometry contribute to the strength and fracture resistance of bones [1] . Chemical composition changes in bone composition have been reported from Fourier Transform Infrared Imaging (FTIRI) [2] [3] [4] [5] [6] and Raman micro-imaging [7] [8] [9] [10] [11] at *7 and 1 lm spatial resolution, respectively. Micro-architectural differences may be observed at tenths of micron resolutions. Here we report one of the first studies using nanoscale spectroscopy to examine the variation in the chemical composition of bone at the nanometer level. This is the first report in which the spectra recorded with nanometer spatial resolution are not distorted, making characterization and mapping simpler procedures.
There is one previous report of nanoscale IR spectroscopy of bone based on scattering scanning near-field optical microscopy (s-SNOM) coupled with FTIR spectroscopy [12] . The s-SNOM IR methodology produced spectra that are shifted by variable amounts to higher or lower wavenumbers, at times by as much as 12 cm -1 , making the published data on bone and shell minerals difficult to interpret, despite the reported spatial resolution of 20 nm. Here we use an atomic force microscope (AFM) to directly detect the IR absorbance with a spatial resolution of 50-100 nm. The AFM-IR instrumentation used couples a continuously tunable pulsed laser source to an AFM, where wavelength-dependent absorption in the sample results in local thermal expansion, sensed using the sharp tip of an AFM cantilever [13] . This instrument has been used previously to study polyethylene at a resolution of 15 nm [14] . This preliminary report details the application of this instrument to the study of a non-human primate osteon at 50-100 nm spatial resolution. The spatial resolution is ultimately limited by the tip sharpness and also affected by the thickness and thermal diffusion properties of the sample, which should not vary significantly within a given sample section [15, 16] .
Materials and Methods

Osteon Preparation
One femur from a 13-year-old baboon described previously [17] was used to perform this pilot study. The details of bone preparation, routinely used in most laboratories, have been reviewed elsewhere [17] . In brief, femurs were collected during routine necropsies, wrapped in saline-soaked gauze, and maintained in frozen storage at -20°C; bones were initially fixed with 80 % ethanol (EtOH), slowly dehydrated through a series of increasing concentrations of EtOH, cleared with xylene and finally infiltrated and embedded in polymethylmethacrylate (PMMA) using the Erben method [18] . It was demonstrated that this standard protocol does not affect the mineral composition at 6-7 lm resolution [19] .
AFM-IR Analysis
For the AFM-IR analysis, 4 sections, each 0.5 lm thick, were cut horizontally from the embedded undecalcified bone block using a Reichert-Jung Ultracut E ultramicrotome (Vienna, Austria) equipped with a diamond knife (Diatome Ltd., Bienne, Switzerland). These sections were then transferred onto ZnSe prism and mounted onto the sample stage of the nano-IR TM AFM-IR instrument (Anasys Instruments, Santa Barbara, CA). Data were obtained in contact mode with an Arrow cantilever (Arrow-FM, NanoWorld, Switzerland). A typical cantilever frequency of 300 kHz was used for signal detection with a frequency window of 50 kHz. Analysis Studio software (version 3.6.4695, Anasys Instruments, Santa Barbara, CA) was used for data collection and analysis. The tunable IR laser produced laser pulses of 10 ns at a repetition rate of 1 kHz, with a spectral resolution of better than 8 cm -1 over the whole tuning range. The IR power levels incident on the ZnSe was about 0.5 mW, and the focused laser spot size was about 50 lm. With this configuration (IR laser, cantilever, and tip) the spatial resolution can reach 50-100 nm. The AFM-IR spectra were collected over a range of 900-1800 cm -1 , with a spectral resolution of 4 cm -1 and an accumulation of 128 scans for each data point. IR absorption images at 1030 and 1660 cm -1 were collected at a scan rate of 0.05 Hz, with an accumulation of 16 scans at each position. The 60 9 10 lm image size corresponds to an array of 600 9 50 measurements. The ratio image was constructed by dividing the intensities of the image at 1030 cm -1 by those at 1660 cm -1 .
Data Processing
Data were collected from multiple osteons in four different tissue sections. To study the chemical composition changes at various distances from the bone osteon center, we used the same intensity ratio parameters that had been published for FTIRI [4, 17] and included the intensity ratio of 1030/1660 cm -1 to assess mineral to matrix ratio, previously measured as a peak area ratio in FTIRI.
Results
The merged spectra from the nano-IR (Fig. 1a) were not visibly different from the averaged spectra recorded previously [17] using FTIR imaging from the same bone samples (Fig. 1b) . AFM-IR spectrum in Fig. 1a shows all the major absorption features including amide and phosphate bands as seen in the FTIR spectrum in Fig. 1b . Most significantly, peaks were not shifted and occurred at the expected locations. Slight alterations in phosphate and protein band shapes in the AFM-IR compared to the FTIR can be noted, which may occur due to the fact that the AFM-IR spectra are averaging over far fewer conformational states than the FTIR spectra, which average roughly 100-times more area of the sample.
A typical bone sample, showing the AFM probe and several osteons is seen in Fig. 2a . Figure 2b shows the 60 9 5 lm area scanned in one osteon, a plot of the maximum phosphate intensity (1030 cm -1 ) over the maximum amide I intensity (1660 cm -1 ) and the image of that calculated ratio. This ratio increases as a function of distance from the osteon center. There is a slightly elevated mineral to amide I content adjacent to the osteon center.
Line scans were used to map the variation in parameters from the center of the osteon (point 0) to its edge, or to other variable distances. Line scans for parameters derived and validated earlier from FTIRI [17, 20] are shown for the first 10 lm in Fig. 3 for mineral/matrix ratio, crystallinity, collagen maturity, and acid phosphate content. Note the periodicity (*2-4 lm) of the data in many of the figures represented by a single line. The S/N of the data was significantly smaller than these variations. A similar, but less obvious periodicity was suggested in the 60 lm mineral/ matrix scan in Fig. 2b . Figure 3f shows the average of 2 lines in 2 different osteons for the 1030/1020 cm -1 ratio. These data coming from osteons of different tissue ages, as estimated by osteon diameter and number of visible concentric circles, suggest the reproducibility of the method, and the various values that may arise from the osteonal tissue, irrespective of animal age.
Discussion
The data in this preliminary report were obtained using sections from a single baboon bone that was previously analyzed as part of an investigation of age-dependent changes in osteons from animals of different ages [17] . Results are presented to show the consistency of the spectra obtained by AFM-IR, and the reproducibility of the patterns obtained. There are some intriguing observations in these preliminary data. First, the elevated mineral content adjacent to the osteon center suggests either a mineral accumulation prior to matrix maturation or that the matrix is not tightly associated with the mineral during initial mineral deposition or that an artifact not noted using standard FTIRI has occurred. Two types of artifact are possible: (i) A sectioning artifact in which the knife slides from the Haversian canal (just embedding material) into the sparsely mineralized tissue, compressing the tissue and thus producing an apparent elevated mineral/matrix ratio, or (ii) a chemical artifact, in which mineral dissolved during aqueous processing reprecipitates on the available matrix during processing in organic solvents. The chemical artifact seems unlikely as it was not seen in the calvaria [19] .
The sectioning artifact is also unlikely as the increased ratio was noted on all four sides of the Haversian canal.
Further studies with osteons from different aged animals using different knives and different processing times and reagents should help determine which of these possibilities is the case.
Second, the repeating pattern of 2-4 lm in the immature baboon osteon is reminiscent of the TEM reports of this same distance repeat for human interlamellar bone [21, 22] . Additional analysis of multiple osteons in samples of different ages will be required to confirm this periodicity.
There is an additional intriguing possibility. Using nanoresolution AFM-IR, it will be possible to document the variations in chemical composition of inter-and intralamellar bone; which to date has only been evaluated by staining at the TEM level [23, 24] . Controversies regarding the relative amounts of collagen and mineral in these histologically different regions can be addressed by AFM-IR.
It is important to point out that the high spatial resolution of the AFM-IR technique is due to the fact that the Fig. 3 Periodic variation of parameters observed by AFM-IR at a higher resolution than shown in Fig. 2 : the first 10 lm from the osteon center for a mineral content, b crystallinity, c collagen maturity, and d acid phosphate substitution. e Shows the variation that is noted in crystallinity for 60 lm beginning at the osteon center using the same spectral data as in Fig. 2b . f Shows reproducibility from spectra from two separate osteons in different sections, error bars are SD for multiple measurements. The same repeating pattern (periodicity) noted in individual osteons can be seen AFM tip high frequency vibration amplitude is sensitive to the speed of the surface displacement when the sample absorbs the laser, rather than by the displacement itself. Therefore, only IR absorption near the AFM tip contributes significantly to the AFM-IR signal [15] , thus concerns that elastic deformation fields excited by the laser might propagate over large distances be sensed by the AFM tip, although the photons were absorbed a micron or more away from the tip, can be dismissed.
These preliminary data indicate that AFM-IR can be used in the future to map changes in bone mineral composition both in normal and diseased bones. Additionally, mapping drug effects, mapping changes in ligament and tendon insertions, as was done using standard FTIR imaging [2, 25, 26] , and mapping changes in vascular tissues and teeth, also reported by standard FTIR imaging [27, 28] will provide further opportunities for the optimization and utilization of this technique.
